This study was conducted to investigate the effect of dietary grape skin on lipid peroxidation and antioxidant defense system in rats fed high fat diet. The Sprague-Dawley rats were fed either control (5% fat) diet or high fat (25% fat) diet which was based on AIN-93 diet for 2 weeks, and then they were grouped as control group (C), control + 5% grape skin group (CS), high-fat group (HF), high fat + 5% grape skin group (HFS) with 10 rats each and fed corresponding diets for 4 weeks. The hepatic thiobarbituric acid reacting substances (TBARS) were increased in high fat group as compared with control group, but reduced by grape skin. The serum total antioxidant status, and activities of hepatic catalase and superoxide dismutase, xanthine oxidase and glucose-6-phosphatase were increased by supplementation of grape skin. Glutathione peroxidase activity was significantly higher in CS group than in C group. Grape skin feeding tended to increase the concentration of total glutathione, especially in control group. The ratio of reduced glutathione to oxidized glutathione was lower in high fat groups than in control groups. The ratio was increased by dietary supplementation of grape skin in control group. These results suggest that dietary supplementation of grape skin would be effective on protection of oxidative damage by lipid peroxidation through improvement of antioxidant defense system in rats fed high fat diet as well as rats with low fat diet.
Introduction 4)
Obesity is generally linked to complications in lipid metabolism and oxidative stress (Oben et al., 2007) . Increased oxidative stress in accumulated fat is an important pathogenic mechanism of obesity-associated metabolic syndrome (Furukawa et al., 2004) .
France has a lower incidence of coronary heart disease, despite of high consumption of total fat and saturated fat (Belleville, 2002) . It was reported that the reason of this effect would be high or regular consumption of red wine (Cui et al., 2002) . Antioxidative properties of red wine are believed to be due to polyphenol components, which are mainly derived from grape skin (Falchi et al., 2006; Yunoki et al., 2008) .
Grapes constitute one of the major sources of polyphenolic compounds and grape skin has a particularly high content of resveratrol (Falchi et al., 2006; Frederiksen et al., 2007) . Resveratrol is a phytoalexin produced by plants that are under attack. It has been reported to produce a variety of pharmacological effects. These effects contain anti-oxidant, anti-cancer, and anti-inflammatory properties (Aggarwal et al., 2004; Bralley et al., 2007; Delmas et al., 2005; Su et al., 2006; Zhang et al., 2006) . Resveratrol has also been shown to modulate lipoprotein metabolism, reduce the synthesis of lipids, inhibit aggregation of platelets and suppress cellular processes associated with tumorigenesis (Fukao et al., 2004; Miura et al., 2003; Schneider et al., 2000; Scarlatti et al., 2003; Zhang et al., 2006) . Also, grape skins contain a large amount of anthocyanins, a phytochemical. Anthocyanins possess various physiological activities such as anti-oxidant activity, anti-obesity effect and inhibition of lipid peroxidation (Acquaviva et al., 2003; Ramirez-Tortosa et al., 2001; Tsuda et al., 2003) .
Grape is one of the world's largest fruit crops, which are rich sources of polyphenols (FAO, 2005) . However, there is almost no report on the effect of grape skin related to oxidative stress by obesity. Thus, this study was conducted to investigate the effects of dietary supplementation of grape skin on lipid peroxidation and antioxidant defense system in rats fed high fat diet.
Materials and Methods

Preparation and analysis of grape skin
Campbell Early (Vitis Labruscana Bailey) red grapes were obtained from Gyeongsan, Korea. The grape skins were separated from the pulps, freeze-dried and grinded in a mortar for passing through 40 mesh of a sieve. Total phenol content of grape skin was determined by the Folin-Ciocalteau colorimetric method (Singleton et al., 1965) and expressed as gallic acid equivalents per g dry weight. Total antioxidant capacity of grape skin was measured by the method of Re et al. (1999) and expressed as trolox equivalent antioxidant capacity.
Resveratrol content of grape skin was assayed using the method developed by Cho et al. (2003) . Resveratrol was analyzed using HPLC (Shimadzu SCL-10Avp, Japan) equipped with Waters μ Bondapak C18 column (3.9×300 mm). The mobile phase was a mixture of methanol and water (40:60, v/v) . Resveratrol was measured with UV-Vis detector at 320 nm with resveratrol (Sigma Chemical Co., USA) as the external standard.
Experimental animals and diets
Forty male Sprague-Dawley rats weighing between 165 and 185 g were purchased from the Orient bio NHP (Seongnam, Korea). The animals were housed in stainless steel cages in a room with 12/12h light/dark cycle at 21 ± 3℃ and a relative humidity of 60 ± 5%. Rats were maintained in accordance with the Guidelines for the Care and Use of Laboratory Animals of Yeungnam University. Rats were fed chow diet (Jinyang Co., Korea) and tap water ad libitum for 1 week before the experiment.
After 1 week of adjustment, the rats were randomly divided into two groups and fed either a normal diet (n=20) or high fat diet (n=20) for 2 weeks. After 2 weeks, they were divided into 4 groups of 10 rats each. The dietary treatment consisted of AIN-93-based diets with or without grape skin powder for 4 weeks. Vitamin and mineral mixtures for diets were purchased from Harlan Terklad Company (Madison, WI, USA). The experimental diets of four groups are described in Table 1 .
The animals were given feed and tap water ad libitum during the experimental period. The food consumption and body weight were measured every other day and every week, respectively.
Sample preparation
At the end of the experimental period, the animals were fasted overnight (12 h) and then sacrificed. Blood was drawn from the abdominal aorta, and serum was obtained by sediment for 30 min, centrifugation (Hanil SUPRA 25k, Korea) at 3,000 rpm for 10 min. The liver was rapidly removed and rinsed with physiological saline. The mitochondria, microsomes, and cytosol were separated according to the method of Hogeboom (1955) . All samples were stored at -70℃ until analysis.
Measurement of thiobarbituric aicd--reactive substances (TBARS) concentrations in serum and liver
As a marker of lipid peroxidation, serum TBARS concentration was measured by the method of Yagi (1976) and the thiobarbituric acid reactive substances (TBARS) assay kit (Zeptometrix Co., NY, USA) was used.
Hepatic concentration of TBARS was measured by the method of Ohkawa et al. (1979) . The n-butanol layer was taken for measurement at 532 nm with spectrophotometer. The concentrations of samples were compared with 1,1,3,3-tetraethoxypropane standards (Sigma Chemical Co., USA).
Measurement of serum total antioxidant capacity
The serum total antioxidant capacity was determined as described by Miller et al. (1993) with a slight modification. Total antioxidant status assay kit (ABTS Randox Lab., Crumlin, UK) was used. Data was expressed as nmol of inhibited 2,2'-azinobis-(3-ethyl-benzothiazoline-6-sulfonic acid) radical cation (ABTS• + )/ ml of serum.
Determination of antioxidant enzyme activities
Catalase activity in hepatic mitochondrial fraction was measured using the method of Aebi (1974) , by the rate of decomposition for H2O2 at 240 nm. Superoxide dismutase (SOD) activity was assayed in the hepatic cytosol fraction using the method of Marklund and Marklund (1974) . The hepatic glutathione peroxidase (GSH-Px) activity was measured by the modified method of Paglia and Valentine (1967) . The activity was expressed as nmol of reduced NADPH/min/mg of protein. Glutathione S-transferase (GST) activity was determined in the hepatic cytosol fraction, as developed by Habig et al. (1974) . The hepatic xanthine oxidase (XO) activity was measured using the procedure developed by Stripe and della Corte (1969) . The glucose-6-phosphatase (G6Pase) activity in the hepatic microsome fraction was determined using the method of Baginski et al. (1983) with a slight modification. Protein concentration was determined by the method of Lowry et al. (1951) with bovine serum albumin as the standard. 
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Measurement of total glutathione and GSH/GSSG
Total glutathione and oxidized glutathione (GSSG) contents were determined in liver according to the method of Anderson (1985) with a slight modification. Total glutathione content was measured using the solution (0.1 M potassium phosphate buffer with 1 mM EDTA (pH 7.0), 6 mM DTNB, 6 unit glutathione reductase and 1 mM NADPH) for 5 min at 25℃ based on an increase in the absorbance at 412 nm.
GSSG was assayed using 0.1 M potassium phosphate buffer (pH 7.0) containing 0.1 M EDTA, 1 mM NADPH and 20 unit glutathione reductase at 340 nm.
The amount of reduced glutathione (GSH) was calculated by subtraction of GSSG from total glutathione.
Statistical analysis
Results were presented as means ± standard deviations. For statistical analysis, a two-way analysis of variance (ANOVA) followed by Duncan's multiple-range test was first carried out to test for any difference between groups. If differences were established, the values were compared using Student's t-test.
Results
Total phenol, total antioxidant capacity and resveratrol contents of grape skin
Total phenol, total antioxidant capacity and resveratrol contents of grape skin used in this experiment are presented in Table 2 . Total phenol content of the grape skin was 42.9 mg/g. Total antioxidant status of the grape skin was 2.26 trolox equivalents. Resveratrol content of the grape skin was 46.5 μg/g.
Growth performance of rats
The final body weight of HF and HFS groups was higher compared to C and CS groups. During the experimental period, the food intake of C and CS groups was higher than that of HF and HFS groups. Food efficiency ratio of HF and HFS groups was higher than that of C and CS groups. However, there were no significant differences in body weight, food intake and food efficiency ratio between groups with and without grape skin (Table 3) .
Thiobarbituric aicd-reactive substances (TBARS) concentrations in serum and liver
Although serum level of TBARS was not different among the experimental groups (Fig. 1A) , the hepatic level of TBARS was increased in HF group as compared with C group. In the present study, dietary supplementation of grape skin decreased the hepatic concentration of TBARS (Fig. 1B) . 1) Superoxide dismutase * Significant at P < 0.05 as compared with control group (C). ** Significant at P < 0.01 as compared with control group (C). † Significant at P < 0.05 as compared with high fat group (HF). † † Significant at P < 0.01 as compared with high fat group (HF). 1) Glutathione-S-transferase 2) Glutathione peroxidase 3) Xanthine oxidase * Significant at P < 0.05 as compared with control group (C). ** Significant at P < 0.01 as compared with control group (C). † † Significant at P < 0.01 as compared with high fat group (HF). Values with the same superscript letter within the column are not significantly different at P < 0.05. * Significant at P < 0.05 as compared with control group (C). ** Significant at P < 0.01 as compared with control group (C). † Significant at P < 0.01 as compared with high fat group (HF).
Serum total antioxidant capacity and antioxidant enzyme and glucose-6-phosphatase activities
As shown in Fig. 2 , serum total antioxidant status of HF group was not different from that of C group. But grape skin feeding increased the serum total antioxidant capacity significantly in C and HF groups.
The hepatic enzyme activities of rats are presented in Tables  4 and 5 . Catalase activity was decreased by high fat diet as compared with control diet. However, supplementation of grape skin increased catalase activity in both control and high fat-fed groups. While there is no difference in SOD activity between C and HF groups, dietary supplementation of grape skin increased the activity in C and HF groups. Although no significant differences were found in GST activity among the groups, GSH-Px activity of CS group was significantly higher than that of C group. Hepatic XO activity of HF group was increased compared with C group, but the activity was lower in HFS group than in HF group. The hepatic G6Pase activity did not change by high fat diet, but dietary supplementation of grape skin increased the activity in C and HF groups (Fig. 3) .
Concentration of total glutathione and GSH/GSSG
There was no significant difference in the total glutathione concentration between C and HF groups. However, grape skin feeding tended to increase the concentration of total glutathione, especially in C group. The ratio of GSH and GSSG was lower in HF groups than in C groups. The ratio of GSH to GSSG was increased in C groups by dietary supplementation of grape skin, but did not differ in HF groups (Table 6 ).
Discussion
Obese condition has a more elevated degree of oxidative stress than normal condition. Increased body fat stimulates excessive reactive oxygen species (ROS) production by NADPH oxidase activation (Furukawa et al., 2004) . ROS, especially superoxide anion and hydrogen peroxide, can cause oxidative damage to lipids, proteins and DNA. These ROS are known to be participated in various chronic diseases including diabetes (Akhileshwar et al., 2007) , cancer (Pelicano et al., 2004.) , heart failure (Campolo et al., 2006) and hypertension (Vasdev & Gill, 2005) .
Grape skin has been postulated to possess antioxidative activity in vitro and in vivo conditions (Falchi et al., 2006; Yassa et al., 2008; Young et al., 2000) . In this study, we investigated the effect of antioxidant capacity by dietary grape skin of Campbell Early cultivated in Korea.
Many studies (Bray et al., 2004; Decorde et al., 2009; West & York, 1998) showed that high fat diet can lead to visceral obesity in rodent animal models. It is usually assumed that high-calorie and/or high-fat diets can lead to obesity (Caballero, 2007) . In this study, dietary supplementation of high fat increased the final body weight compared with control diet.
Lipid peroxidation and antioxidant enzyme activities are important markers of oxidative stress. In the present study, the serum level of TBARS was not different among the experimental groups. However, the hepatic level of TBARS was increased in high fat group compared with control group. Dietary supplementation of grape skin decreased the hepatic concentration of TBARS in control and high fat groups.
Several studies have also shown elevated lipid peroxidation products in obesity (Amirkhizi et al., 2007; Beltowski et al., 2000; Feillet-Coudray et al., 2009; Olusi, 2002) . High intake of dietary fat directly enhanced ROS overproduction which increased lipid peroxidation (Zhang et al., 2005) . On the other hand, dietary supplementation of grape skin lowered the hepatic level of lipid peroxidation in this experiment. These results suggest that the polyphenol components such as resveratrol in grape skin might have antioxidant capacity. Previous studies have reported that resveratrol inhibited experimental lipid peroxidation in rats (Kasdallah-Grissa et al., 2006; Sener et al., 2007) .
The removal of ROS is accomplished by enzymatic and non-enzymatic reactions in biological systems. In enzymatic reactions, SOD converts superoxide anions to hydrogen peroxide (H2O2), and H2O2 can be rapidly degraded by catalase and GSH-Px to H2O (Evans & Halliwell, 2001 ).
The present study revealed that grape skin might cause the induction of enzyme activities of catalase, SOD, G6Pase and GSH-Px in liver. In addition, we observed significant increase in serum total antioxidants capacity by feeding grape skin. A possible explanation of this effect is that grape skin contains high concentrations of anthocyanidins as well as various polyphenolic compounds (Makris et al., 2007; Negro et al., 2003) . Bae (2008) reported that grape skin contains a high content of dietary fiber besides phenolic compounds as physiological active compounds. Therefore, dietary fiber may be used as a potential ingredient for physiological activities of grape skin. All of these active compounds have been shown to function as antioxidants by scavenging various free radicals. Ramirez-Tortosa et al. (2001) showed that anthocyanin-rich extracts decreased vitamin E deficiency-induced hydroperoxides in liver and increased plasma antioxidant capacity. Also, Cui et al. (2002) suggested that dietary supplementation of grape polyphenols might prevent cardiac disease by inducing the antioxidant activity. The grape-derived polyphenols have been associated with a beneficial effect on the vascular system. Health benefits of grape polyphenols may enhance the redox-sensitive formation of vasoprotective factors and prevent oxidative stress (Madeira et al., 2009) .
Reduced glutathione (GSH) has many different functions such as protection against ROS. During the reduction of hydrogen peroxide, GSH is converted into an oxidized form, glutathione disulfide (GSSG), and GSSG is reduced back to GSH by NADPH-dependant glutathione reductase (Fang et al., 2002; Sies, 1999) .
In this study, high-fat diet might lead to depletion of liver content of reduced glutathione because the ratio of GSH and GSSG was lower in high fat groups than in control groups. It might be due to the increased generation of free radical species. Rocha et al. (2009) showed that hepatic GSH tended to be higher in high fat-fed rats than in standard diet-fed rats. But hepatic concentration of GSH was significantly increased in high fat diet-fed rats receiving 6 mg/l resveratrol in its drinking water compared with standard diet or high fat diet-fed rats without resveratrol. In the present study, grape skin feeding tended to increase the concentration of total glutathione, especially in control group. Hsu and Yen (2007) showed that GSH content was decreased and GSSG content increased in obese rats induced by a high fat diet. In this study, GSH/GSSG tended to be lower by a high fat diet, but not significantly. We also found that dietary supplementation of grape skin increased the GSH/GSSG ratio compared to control group without grape skin. GSH was the first line of antioxidant defense system by scavenging free radicals (Yassa et al., 2008) . In conformity with the increase of ROS and lipid peroxides, the GSH level was decreased and the GSSG level was increased.
In conclusion, the present study demonstrated that grape skin has antioxidant effects by improving oxidative stress markers such as lipid peroxidation, catalase, SOD, GSH-Px activities. There results suggest that dietary supplementation of grape skin may alleviate the damage of oxidative stress induced by obesity through modulating antioxidant defense system and possibly reduce the risk of obesity-associated diseases.
